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Scattering loss of an optimum pair high reflectance
dielectric mirror
Shiuh Chao, Yun-Fa Lin, Jeng-Fung Lin, and Cheng-Chung Lee
The scattering loss of a high reflectance dielectric multilayer stack designed by the optimum pair method was
studied theoretically and experimentally. It was found that the optimum pair designed stack has lower loss
than a conventional quarterwave stack. Within the loss, in particular, the interface scattering of the
optimum pair stack is smaller than the quarterwave stack.
I. Introduction
Scattering and absorption losses of dielectric high
reflectance laser mirrors are dominant factors in the
performance of many lasers. For the ring laser gyro,
coupling between clockwise and counterclockwise
propagating beams caused by mirror backscattering is
the source of lock-in phenomena.' For the high energy
laser, mirror scattering and absorption can cause se-
vere mirror damage and degrade laser performance.
There are, in general, two approaches to solve these
problems: improve the quality of the materials used
for the substrate and coatings; design a multilayer
stack apart from the conventional quarterwave (QW)
design.
Ion beam sputtering and ion beam assisted deposi-
tion are now commonly used coating techniques for
dielectric thin films of lower scattering.2 Carniglia
and Apfel3 have developed a method of optimum pair
(OP) multilayer stack design for slightly absorptive
films to reduce absorption loss and increase reflec-
tance of the stack. Since the film thicknesses of the
OP design are nonquarterwave, the peaks of the time
averaged electric field square distribution in the stack
do not lie on the interface; therefore, it is possible that
the scattering loss caused by interface roughness can
be reduced for an OP designed stack.
In this paper we used Arnon's 4 scalar scatter formula
for a rough interface to calculate the interface scatter-
ing loss of both OP and QW designs. Mirrors of OP
and QW design with different numbers of layers were
than produced by the ion beam sputtering technique,
and total integrated scattering and angular distribu-
tion of scattering were measured. Good agreement
between theory and measurement was obtained. For
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twenty-five layers of OP and QW stacks, for example,
the total integrated scattering loss of an OP stack can
be 2.5 times lower than that of the QW stack.
11. Theory Review and Design
Given a substrate-film system with complex reflec-
tion coefficient T,, for maximum reflection to occur by
adding a pair of slightly absorptive high and low index
films to the system to give an overall reflection coeffi-
cient Tr the condition is that Tr be real and negative as
was shown by Carniglia and Apfel.3 In this condition,
they also derived the formula for solving phase thick-
nesses 01 and 2 for the added pair of films. Using
their formulas, we have derived the thicknesses of the
OP multilayer stack for our material system with the
optical constants shown in Table I. The first layer was
TiO2, and pairs of SiO 2/TiO2 were added sequentially.
All the multilayer stacks in this paper were designed
for 0° angle of incidence and 6328-A wavelength. The
result of the design is shown in Fig. 1, and the reflec-
tance of both OP and QW stacks is shown in Fig. 2.
Note that the ordinates of the figures are discrete
values, i.e., layer number, the lines connecting the
values of each layer number are just for plotting pur-
poses. Ideally, the increase of the reflectance, i.e.,
reduction of the absorption, of the OP stack over the
QW stack is achieved by the gradual reduction of the
thickness of the more absorptive layer and increasing
the thickness of the less absorptive layer. When the
absorption is the same, the thickness of both layers
remains quarterwave.
Using the Berning5 formula, a time averaged IE12
distribution in the stack can be obtained, as shown in
Fig. 3 for both the OP and QW designs of Fig. 2. The
peaks of the distribution of the OP stack shift away
from the interfaces into the less absorptive layers,
which qualitatively implies that not only the absorp-
tion can be reduced but the interface scattering could
also be reduced.
To calculate the interface scattering from the inter-
facial roughness, we used Arnon's4 scalar scattering
formula for an isolated interface, and we assumed that
the scattering is independent among interfaces for the
OP and QW stacks. Therefore, the total interface
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Table I. Optical Constants of S102 and T10 2 Layers and the Substrate
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Fig. 2. Reflectance of the OP stack () and QW stack () for the
design of Table I and Fig. 1.
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Fig. 1. Phase thickness/23r of the optimum pair design for the
materials in Table I.
scattering loss of the stack can be obtained by sum-
ming up each individual interface scattering loss sepa-
rately with Arnon's formula. The surface roughness
profile was assumed to be normally distributed in the
derivation of the formula. The scattering loss of the
ith interface to the right of the ith layer was given as4
(SSL') n-IE' 2l I p 2
n0,IEo'12
where fi = 87r2(ni - ni+1 2 (i/Xo). Here nL,ni+l are the
refractive indices of the ith and (i + 1)th layer, ci is the
rms roughness of the ith interface, X0 is the wavelength
in the ambient, Et and Eo are the electric fields at the
ith interface and ambient, respectively, propagating to
the right, and pi is the reflection coefficient at the ith
interface.
Figure 4 shows the calculated scattering loss of odd
number layer stacks of the QW and OP designs given in
Fig. 1 with Us = 7 A for all interfaces. As the number of
pairs increases for both OP and QW stacks, the 1E12
distribution at the outer interfaces becomes higher,
increasing the interface scattering. But the effect is
less profound for OP than QW, since the 1E12 peaks in
the OP stacks also shift away from the interface to
reduce the interface scattering. The difference in in-
terface scattering loss between OP and QW then in-
creases as indicated in Fig. 4.
111. Mirror Fabrication
Throughout this experiment, we used IC grade sili-
con wafers as the mirror substrate instead of the com-
monly used Zerodur glass substrate. The thicknesses
of the TiO2 and SiO2 coatings are given in Fig. 1, i.e.,
the thicknesses of the mirror coating on the silicon
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Fig. 3. IE12 distribution of (a) QW and (b) OP stacks for the design
of Table I and Fig. 1.
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Fig. 4. Calculated interface scattering loss of OP (+) and QW (a)
stacks for the design of Table I and Fig. 1.
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wafer were the same thicknesses as the design with n =
1.542 glass substrate. For a high reflectance dielectric
multilayer stack, the 1E12 distribution approaches zero
deep in the stack as shown in Fig. 3 for both OP and
QW. The index of the substrate is of no practical
importance for our purpose. The silicon wafer has a
thin layer of natural SiO2 on the surface, providing
similar nucleation and growth environment for the
first layer as the silica glass substrate does. The mi-
crostructure of the films grown on a silicon wafer are
therefore expected to be the same as those grown on
silica glass.
The surface roughness of the substrate might be
replicated through the layers and contributes to the
interface scattering. Figure 5 shows typical surface
roughness profiles of the commercially available sili-
con wafer and Zerodur substrate taken by an a-step
200 surface profiler; the silicon wafer has better surface
finish than the Zerodur substrate. Other advantages
for the silicon wafer are that it is much cheaper and,
due to the well-established fabrication process, the
surface quality and cleanliness are more consistent
among wafers. Therefore, as long as only reflectance
and front scattering are concerned, we found that the
silicon wafer served our research purpose better than
Zerodur.
Both TiO2 and SiO2 films were deposited using the
ion beam sputtering technique in the 4- X 10-6-mbar
baseline vacuum with 4- X 10- 4-mbar argon partial
pressure and 1- X 10- 4-mbar oxygen partial pressure.
The sputtering targets were high purity Ti and SiO2.
The ion beam current of the 2.5-cm ion source was 50
mA and the beam voltage was 1 kV. The optical
constants of the SiO2 and TiO2 films so deposited are
listed in Table I. The thicknesses of the films were
controlled by a calibrated quartz crystal monitor.
Samples of 17, 19, 21, 23, and 25 layers of both OP and
QW designs were made according to the thicknesses
given in Fig. 1.
IV. Scattering Measurement and Results
The total integrated scattering (TIS) was measured
with a 6-cm diam integrating sphere, as shown in Fig. 6,
and a Hitachi U-3410 spectrophotometer. The angle
of incidence was 0. The sample beam entrance aper-
ture was 1.8 cm in diameter, therefore the scattered
light within +8' to the specular light was not captured
by the sphere. The angular distribution of scattered
light was measured with the apparatus depicted in Fig.
7. The photomultiplier tube (PMT) was scanned on
the plane perpendicular to the mirror surface. The
polarization state of the incident light was set to be
linear. The distance from the mirror surface to the
PMT entrance pupil was 50 cm, and the PMT entrance
pupil was 3 mm in diameter.
The purpose of this TIS measurement was to com-
pare the scattering loss between OP and QW stacks; it
was important to eliminate other scattering sources to
ensure the legitimacy of the comparison. Therefore,
the silicon substrates for the same number of layers in
the OP and QW stacks were cut from the same wafer
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Fig. 5. Surface roughness profile of commercially available (a) Si
wafer and (b) Zerodur substrates.
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Fig. 7. Angular resolved scatterometer.
and subjected to the same cleaning and coating pro-
cesses. In particular, the bare substrates before coat-
ing and the QW and OP stacks after coating were all
examined visually with a Nomarski microscope; sam-
ples with any visible defect were not used for the TIS
measurement.
Figure 8 shows the measured TIS values at 6328-A
wavelength for both OP and QW stacks of 17,19,21,23,
and 25 layers for the design given in Fig. 1. In Fig. 8,
the increase of scattering loss with the number of pairs
and the difference between QW and OP designs are
obvious; the trend agrees qualitatively with the theo-
retical prediction in Fig. 4. The theoretical calcula-
tion used an arbitrary surface rms roughness value and
the independent interface scattering assumption; the'
measurement ignored the scattering loss around +80
in the specular direction, therefore quantitative com-
parison between theory and measurement is not valid.
As the number of layers is under 17, the scattering loss
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Fig. 8. Measured total integrated scattering of OP (A and QW (0)
stacks; X = 6328 A.
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Fig.9. Measured angular distribution of scattered light for twenty-
three layers of OP (..... ) and QW (- ) stacks; X = 6328 A.
of OP and QW becomes the same as indicated both by
theory and measurement. Figure 9 shows the angular
distribution of scattering, in terms of PMT photocur-
rent, for twenty-three layers of OP and QW designs.
The dip in the center was caused by blocking the
incident beam with the scanning PMT. The OP de-
sign shows lower scattering than the QW design in the
angular distribution.
Figure 10 shows the measured reflectance of all the
samples taken by the integrating sphere with a 60 angle
of incidence. The difference in the reflectance be-
tween OP and QW as the number of layers increases
agrees qualitatively with the theoretical result of the
OP theory in Fig. 2; the OP has higher reflectance than
the QW. The total loss, i.e., 1-reflectance, which con-
tains transmission, absorption loss, interface scatter-
ing loss, and volume scattering loss, is therefore small-
er for OP than QW according to Fig. 10. In particular
within the total loss the total scattering loss is smaller
for OP than QW as shown in Fig. 8. The difference in
TIS between OP and QW in Fig. 8 is partly attributed
to interface scattering as is supported by the theoreti-
cal calculation of Fig. 4. We expect that the volume
scattering of OP is also smaller than QW, since for an
OP stack, the IE12 distribution peaks shift into less
absorptive layers, which are SiO2 layers in our material
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Fig. 10. Measured reflectance of OP (0) and QW (0) stacks.
system. Compared with a TiO2 layer, the SiO2 layer is
structureless, i.e., amorphous. There is no volume
scattering from the crystalline grain boundary for an
SiO2 layer, therefore, the volume scattering is also
expected to be less for OP stacks than QW stacks.
The close qualitative agreement among the scatter-
ing calculation and experimental data in this paper
tends to support the independent interfaces assump-
tion, at least for the particular multilayer designs and
material systems of this work. However, it would be
helpful to see what a correlated interface model would
predict for these multilayer designs and material sys-
tems before further judgment can be made on the
interface correlation.
V. Conclusion
We showed theoretically and experimentally that
the optimum pair design of a high reflectance dielec-
tric mirror not only gives higher reflectance and lower
absorption than the conventional quarterwave design
as was shown by Carniglia and Apfel, but that the
scattering loss is also smaller for OP than QW. The
difference in the scattering loss between OP and QW
stacks agrees qualitatively with theoretical calculation
for independent interface scattering.
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